In this work, the microstructural evolutions and mechanical properties of an as-cast Mg-10Gd-4Y-1.5Zn-0.5Zr (wt %) alloy during successive multi-pass equal channel angular pressing (ECAP) were systematically investigated by X-ray diffractometer, scanning electron microscopy, transmission electron microscopy, and compression test. The obtained results show that the microstructure of as-cast alloy consists of α-Mg grains, Mg 3 Gd island phase, few Y-rich particles, and lamellar 14H LPSO (long period stacking ordered) phase located at the grain boundaries. During ECAP, the Mg 3 Gd-type phase is crushed and refined gradually. However, the refined Mg 3 Gd particles are not distributed uniformly in the matrix, but still aggregated at the interdendritic area. The 14H phase becomes kinked during the early passes of ECAP and then broken at the kinking bands with more severe deformation. Dynamic recrystallization of α-Mg is activated during ECAP, and their average diameter decreases to around 1 µm, which is stabilized in spite of increasing ECAP passes. Moreover, nano-scale γ phases were dynamically precipitated in 16p ECAP alloy. Compression tests indicate that 16p ECAP alloy exhibits excellent mechanical property with compressive strength of 548 MPa and fracture strain of 19.1%. The significant improvement for both strength and ductility of deformed alloy could be ascribed to dynamic recrystallization (DRX) grains, refined Mg 3 Gd-type and 14H particles, and dynamically precipitated γ plates.
Introduction
In recent years, with the increasing demands for light-weighting in the aerospace, high speed train, and automobile industries, magnesium and its alloys have received much attention due to their low density, high specific strength, and excellent damping capacities [1, 2] . However, their inherent strengths are relatively lower when compared with steel and aluminum alloys, and lots of effort still need to be made to improve their strengths for broader applications [3, 4] .
Alloying with other elements-for example, Zn, Al, Mn, and so on [1, 5] -is an important way to improve the strength of magnesium. The alloying elements can strengthen magnesium alloys by second phase strengthening, solute solution strengthening, and precipitation strengthening [6, 7] . Among various elements, heavy rare earth (HRE) elements, such as Gd and Y, are the most effective because they introduce severe lattice distortion when dissolved in α-Mg solid solution, and their solubility limits in α-Mg decline sharply with decreasing temperatures, which causes an obvious age-hardening response [8, 9] . Moreover, by adding Zn and HRE elements simultaneously, a kind of novel long period stacking ordered (LPSO) structure is formed, which exhibits an extraordinary strengthening effect, especially in hot extruded or rolled Mg-RE-Zn alloys [10] [11] [12] . In addition, the LPSO phase can coexist with other Mg-RE second phases or precipitates and contributes to improving the mechanical properties of magnesium alloys together [13] [14] [15] [16] [17] . Therefore, multicomponent magnesium alloys with two or more HRE elements, such as Mg-Gd-Y-Zn series, usually display higher strength than ordinary Mg-RE-Zn ternary alloys [13, 14] . Moreover, after aging treatment, due to the dense coherent β precipitates formed within α-Mg, the strengths of the β /LPSO containing alloys could be significantly elevated further [16, 17] . However, the ductility of these aged Mg-RE-Zn alloys is impaired [17] .
Grain refinement is an effective strengthening strategy for conventional metals (Hall-Petch relationship), and it could also improve the plasticity of polycrystalline material at the same time [18] . But when grain size of metallic materials decreases to nanocrystalline (NS), the plasticity becomes relatively poor due to the limited dislocations movement in nanosized grains [19] . Therefore, ultra-fine grained (UFG) alloys with a grain size of 0.1-2 µm always exhibit combination of high strength and high ductility. Severe plastic deformation (SPD) is commonly used to fabricate bulk UFG metallic materials, and among various SPD techniques, equal channel angular pressing (ECAP) is one of the most popular methods that can refine the microstructures without changing shape of the materials [20, 21] . Several studies have already been conducted on microstructure and property evolutions of LPSO-containing Mg-RE-Zn ternary alloys during ECAP [22] [23] [24] [25] . Wu et al. [24] found that ECAP developed a bimodal microstructure with large deformed grains (Mg and LPSO) and sub-micron sized dynamically recrystallized (DRXed) grains in Mg 94 Y 4 Zn 2 (at %) alloy. Our previous study indicates that Mg 24 Y 5 particles could also be dynamically precipitated during multi-pass ECAP of Mg 94 Y 4 Zn 2 alloy, and after 16 passes ECAP, the alloy displays excellent mechanical properties with compression strength of 611 MPa and fracture strain of 20.1% [25] .
So far, little work has been reported on the ECAP processing of potential multicomponent Mg-Gd-Y-Zn alloys, and their microstructural evolutions would be more complicated than ternary alloys. Therefore, in this paper, the microstructure evolutions and mechanical properties of an UFG Mg-10Gd-4Y-1.5Zn-0.5Zr alloy via multi-pass successive ECAP were explored, which could provide a new prospect for developing of high strength and toughness Mg-RE based alloys.
Materials and Methods
Raw materials of pure metals Mg (99.95%), Zn (99.95%), and master alloys Mg-30Gd (wt %), Mg-30Y (wt %), and Mg-30Zr (wt %) were employed to prepare the cast Mg-10Gd-4Y-1.5Zn-0.5Zr (wt %) alloy. The melting process was performed in an electric resistance furnace (GR2, Hankou Furnace Company Ltd., Wuhan, China) under a protective atmosphere of CO 2 (1 vol %) and SF 6 (99 vol %) mixed gases. When the raw materials were molten, the melt was kept at 1023 K for 0.5 h, then they were poured into a water-cooling copper mold with a dimension of inner diameter of 60 mm and height of 200 mm. Afterward, cuboid samples with the dimension of 20 mm × 20 mm × 45 mm were cut from the central part of the ingot, and a rotational die ECAP (RD-ECAP) processing was then conducted on these samples. The schematic diagram for this RD-ECAP processing is listed in Figure 1 , and it is apparent that multi-pass ECAP could be easily achieved by rotating the ECAP die without taking the sample out each pass [26] . The number of ECAP passes employed in this work were set as 1, 4, 8, 12 and 16, respectively. For each pass of ECAP, the processing temperature and extrusion speed were set as 633 K and 5 mm/min, respectively. Moreover, before the first pass and every four passes of ECAP, the sample was kept in the die and heated at 633 K for 10 min. Microstructure observations of the as-cast and ECAP alloys were carried out by an optical microscope (OM, Olympus BHM, Tokyo, Japan) and a scanning electron microscope (SEM, Field Electron and Ion Company, Hillsboro, OR, USA). The constituent phases of the alloy was identified by an X-ray diffractometer (XRD, D8 DISCOVER, Bruker, Billerica, MA, USA), a transmission electron microscope (TEM, Tecnai G2 20, Field Electron and Ion Company, Hillsboro, OR, USA), and an X-ray energy dispersive spectrometer (EDS, Field Electron and Ion Company, Hillsboro, OR, USA) equipped on SEM. Specimens for OM and SEM observations were mechanically ground, polished, and finally chemically etched with 4 mL nitric acid and 96 mL ethanol. For TEM examinations, the samples were twin-jet electron-polished and thinned, using a solution containing 5% perchloric acid and 95% ethanol. For the purpose of evaluating the mechanical properties, compression tests of cast and ECAP alloys were conducted by an electronic universal testing machine (CMT5105, MTS Systems Corporation, Eden Prairie, MN, USA) at the crosshead speed of 0.5 mm/min at room temperature. Compression specimens were derived from the center of ECAP samples, exhibiting a cylindrical shape with the diameter of 6 mm and height of 12 mm. Moreover, the axes of compression specimens are parallel to ECAP pressing direction, and three specimens were employed for each processing state. Figure 2 shows the XRD pattern of as-cast alloy, and three phases are indexed from the corresponding diffraction peaks, which are α-Mg, Mg3Gd, and Mg12YZn phases, respectively. The chemical formula Mg12YZn in XRD usually stands for the formation of LPSO phase, but it cannot be confirmed which type of LPSO phases is generated [27, 28] . Figure 3a shows the optical micrograph of as-cast Mg-10Gd-4Y-1.5Zn-0.5Zr alloy. It is apparent that the alloy is composed of cellular α-Mg grains, and island-like phases located at intergranular regions. Moreover, some indistinct gray contrasts are also observed near second phases, which need to be identified further. Enlarged SEM image of as-cast alloy is shown in Figure 3b . Four obvious regions can be distinguished: eutectic phase I, lamellar phase II at the boundary of α-Mg grains, center of α-Mg phase III, and few cubic particles phase IV. To further explore the distributions of different elements, element mapping profiles were conducted and the results are shown in Figure 3c -g. It can been seen that the eutectic phases are enriched with solute atoms Gd, Y and Zn, and the cubic particle mainly consists of Y and Zr elements. Moreover, within α-Mg grains, Zn and Zr elements are uniformly distributed, but the rare-earth elements Gd and Y exhibit a little segregated near the eutectic phases. Microstructure observations of the as-cast and ECAP alloys were carried out by an optical microscope (OM, Olympus BHM, Tokyo, Japan) and a scanning electron microscope (SEM, Field Electron and Ion Company, Hillsboro, OR, USA). The constituent phases of the alloy was identified by an X-ray diffractometer (XRD, D8 DISCOVER, Bruker, Billerica, MA, USA), a transmission electron microscope (TEM, Tecnai G2 20, Field Electron and Ion Company, Hillsboro, OR, USA), and an X-ray energy dispersive spectrometer (EDS, Field Electron and Ion Company, Hillsboro, OR, USA) equipped on SEM. Specimens for OM and SEM observations were mechanically ground, polished, and finally chemically etched with 4 mL nitric acid and 96 mL ethanol. For TEM examinations, the samples were twin-jet electron-polished and thinned, using a solution containing 5% perchloric acid and 95% ethanol. For the purpose of evaluating the mechanical properties, compression tests of cast and ECAP alloys were conducted by an electronic universal testing machine (CMT5105, MTS Systems Corporation, Eden Prairie, MN, USA) at the crosshead speed of 0.5 mm/min at room temperature. Compression specimens were derived from the center of ECAP samples, exhibiting a cylindrical shape with the diameter of 6 mm and height of 12 mm. Moreover, the axes of compression specimens are parallel to ECAP pressing direction, and three specimens were employed for each processing state. Figure 2 shows the XRD pattern of as-cast alloy, and three phases are indexed from the corresponding diffraction peaks, which are α-Mg, Mg 3 Gd, and Mg 12 YZn phases, respectively. The chemical formula Mg 12 YZn in XRD usually stands for the formation of LPSO phase, but it cannot be confirmed which type of LPSO phases is generated [27, 28] . Figure 3a shows the optical micrograph of as-cast Mg-10Gd-4Y-1.5Zn-0.5Zr alloy. It is apparent that the alloy is composed of cellular α-Mg grains, and island-like phases located at intergranular regions. Moreover, some indistinct gray contrasts are also observed near second phases, which need to be identified further. Enlarged SEM image of as-cast alloy is shown in Figure 3b . Four obvious regions can be distinguished: eutectic phase I, lamellar phase II at the boundary of α-Mg grains, center of α-Mg phase III, and few cubic particles phase IV. To further explore the distributions of different elements, element mapping profiles were conducted and the results are shown in Figure 3c -g. It can been seen that the eutectic phases are enriched with solute atoms Gd, Y and Zn, and the cubic particle mainly consists of Y and Zr elements. Moreover, within α-Mg grains, Zn and Zr elements are uniformly distributed, but the rare-earth elements Gd and Y exhibit a little segregated near the eutectic phases. To identify various phases in Mg-10Gd-4Y-1.5Zn-0.5Zr alloy, EDS and TEM characterizations are performed. Figure 4 exhibits the EDS results of four regions marked in Figure 3b , which provides more quantitative information than the element map distributions. Combined with XRD patterns and EDS results, it can be confirmed that the eutectic phase I and lamellar phase II are Mg 3 To identify various phases in Mg-10Gd-4Y-1.5Zn-0.5Zr alloy, EDS and TEM characterizations are performed. Figure 4 exhibits the EDS results of four regions marked in Figure 3b , which provides more quantitative information than the element map distributions. Combined with XRD patterns and EDS results, it can be confirmed that the eutectic phase I and lamellar phase II are Mg3Gd-type and Mg12YZn-type phases, respectively. Considering their analyzed compositions, it is more reasonable to depict their chemical formula as Mg3(Gd,Y,Zn) and Mg12(Gd,Y)Zn. Figure 5a shows the TEM observation of an intergranular region, including a block of eutectic phase and plenty of lamellas. The corresponding selected area electron diffraction (SAED) pattern illustrated in Figure 5b further demonstrates the eutectic phase is Mg3Gd-type phase [29] . Moreover, corresponding SAED pattern of lamellar phases listed in Figure 5c proves that they are 14H LPSO phase [27] . The structure of LPSO phase formed in cast alloy usually is 18R type for Mg-Y-Zn alloys, and is 14H LPSO for Mg-Gd-Zn alloys [30, 31] . In this work, since the Gd content is much higher than Y element, the obtained LPSO phase in cast alloy obeys the rule of Mg-Gd-Zn series. In addition, the TEM image of Figure 5d illustrates the center region of α-Mg grains. Although no obvious lamellar phases can be observed, there exists some line contrast. The visible streaks located between diffraction spots in correspond SAED patterns of Figure 5e confirm the existence of stacking faults (SFs), and further investigation proves these SFs are on (0001) basal plane of α-Mg [32] . Figure 5a shows the TEM observation of an intergranular region, including a block of eutectic phase and plenty of lamellas. The corresponding selected area electron diffraction (SAED) pattern illustrated in Figure 5b further demonstrates the eutectic phase is Mg 3 Gd-type phase [29] . Moreover, corresponding SAED pattern of lamellar phases listed in Figure 5c proves that they are 14H LPSO phase [27] . The structure of LPSO phase formed in cast alloy usually is 18R type for Mg-Y-Zn alloys, and is 14H LPSO for Mg-Gd-Zn alloys [30, 31] . In this work, since the Gd content is much higher than Y element, the obtained LPSO phase in cast alloy obeys the rule of Mg-Gd-Zn series. In addition, the TEM image of Figure 5d illustrates the center region of α-Mg grains. Although no obvious lamellar phases can be observed, there exists some line contrast. The visible streaks located between diffraction spots in correspond SAED patterns of Figure 5e confirm the existence of stacking faults (SFs), and further investigation proves these SFs are on (0001) basal plane of α-Mg [32] . Figure 6 shows the microstructure evolutions of cast Mg-10Gd-4Y-1.5Zn-0.5Zr alloy during multi-pass ECAP. After one pass of ECAP, the island Mg3(Gd,Y,Zn) phase seems distorted and broken, but no other remarkable change is observed, as can be seen form Figure 6a . When the ECAP pass increases to four, the distortion degree of second phases is accelerated. In addition, finer dynamically recrystallized (DRXed) α-Mg grains were observed in 4p-ECAP alloy, which were not identified in 1p-ECAP alloy. This is because DRX is a process associated with both processing temperature and strains, and the accumulated energy becomes sufficient to activate DRX with more ECAP passes [33, 34] . With further increase of ECAP passes, DRX proceeds continuously, and the second phases become finer. However, seen from Figure 6c , the refined second phases were not uniformly distributed within the whole matrix, but still gathered at intergranular regions. In ECAP alloy with sixteen passes (Figure 6d ), although the DRX region and the intergranular region with particles can still be distinguished obviously, its microstructure becomes more uniform than other alloys with lower ECAP passes in this work. It is reasonable to believe that with further increased ECAP passes, the refined particles will finally be mixed with DRX grains. Figure 6 shows the microstructure evolutions of cast Mg-10Gd-4Y-1.5Zn-0.5Zr alloy during multi-pass ECAP. After one pass of ECAP, the island Mg 3 (Gd,Y,Zn) phase seems distorted and broken, but no other remarkable change is observed, as can be seen form Figure 6a . When the ECAP pass increases to four, the distortion degree of second phases is accelerated. In addition, finer dynamically recrystallized (DRXed) α-Mg grains were observed in 4p-ECAP alloy, which were not identified in 1p-ECAP alloy. This is because DRX is a process associated with both processing temperature and strains, and the accumulated energy becomes sufficient to activate DRX with more ECAP passes [33, 34] . With further increase of ECAP passes, DRX proceeds continuously, and the second phases become finer. However, seen from Figure 6c , the refined second phases were not uniformly distributed within the whole matrix, but still gathered at intergranular regions. In ECAP alloy with sixteen passes (Figure 6d ), although the DRX region and the intergranular region with particles can still be distinguished obviously, its microstructure becomes more uniform than other alloys with lower ECAP passes in this work. It is reasonable to believe that with further increased ECAP passes, the refined particles will finally be mixed with DRX grains.
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To further investigate the evolutions of various phases, high-magnification observations of the microstructure were conducted, and typical SEM images are exhibited in Figure 7 . Figure 7a displays the as cast microstructure, and it is apparent that three Mg 3 (Gd,Y,Zn) blocks, an α-Mg grain without 14H lamellas, and several α-Mg grains with plenty of 14H lamellas are confirmed. The 14H in cast alloy exhibits straight lamellar shape and they are parallel with each other in the same grain, but with diverse orientations in different grains, which is attributed to their fixed orientation relationship with α-Mg phase [27] . Moreover, the 14H is not formed uniformly in all grains. Its generation involves two factors, formation of plenty of SFs, and sufficient solute atoms to orderly diffuse into SFs [35] . In regions where these two factors are satisfied, 14H can propagate rapidly. Therefore, the observed α-Mg grain without 14H in Figure 7a could result from either lack of SFs or depletion of solute atoms. To further investigate the evolutions of various phases, high-magnification observations of the microstructure were conducted, and typical SEM images are exhibited in Figure 7 . Figure 7a displays the as cast microstructure, and it is apparent that three Mg3(Gd,Y,Zn) blocks, an α-Mg grain without 14H lamellas, and several α-Mg grains with plenty of 14H lamellas are confirmed. The 14H in cast alloy exhibits straight lamellar shape and they are parallel with each other in the same grain, but with diverse orientations in different grains, which is attributed to their fixed orientation relationship with α-Mg phase [27] . Moreover, the 14H is not formed uniformly in all grains. Its generation involves two factors, formation of plenty of SFs, and sufficient solute atoms to orderly diffuse into SFs [35] . In regions where these two factors are satisfied, 14H can propagate rapidly. Therefore, the observed α-Mg grain without 14H in Figure 7a could result from either lack of SFs or depletion of solute atoms.
As shown in Figure 7b , the Mg3(Gd,Y,Zn) block was crashed but not broken into pieces after only one pass ECAP. In addition, the 14H lamellas became bent, which is caused by kinking. Kinking was considered as the dominated deformation mechanism for lamellar LPSO structures, as the main slip system could be easily hindered during deformation [34, 36] . After four passes of ECAP, it can be seen from Figure 7c that a mixed area was generated at intergranular regions. The mixed area usually consists of plenty of finer Mg3(Gd,Y,Zn) particles, DRX grains, and small 14H clusters. Marked by Arabic numbers in Figure 7c , four small 14H clusters with diameter range of 2-5 μm were surrounded by particles or DRX grains. Compared with 14H in cast and 1p-ECAP samples, the size of these 14H cluster is much smaller, suggesting refining of 14H happens during ECAP. In our former work, we have proved that the refining process of 14H LPSO was caused by kinkings at different shear direction [33] . As dislocations are generated in kinking bands, 14H becomes cracked as long as the number of tangled dislocations reach the maximum. Moreover, seen from Figure 7d , with increased As shown in Figure 7b , the Mg 3 (Gd,Y,Zn) block was crashed but not broken into pieces after only one pass ECAP. In addition, the 14H lamellas became bent, which is caused by kinking. Kinking was considered as the dominated deformation mechanism for lamellar LPSO structures, as the main slip system could be easily hindered during deformation [34, 36] . After four passes of ECAP, it can be seen from Figure 7c that a mixed area was generated at intergranular regions. The mixed area usually consists of plenty of finer Mg 3 (Gd,Y,Zn) particles, DRX grains, and small 14H clusters. Marked by Arabic numbers in Figure 7c , four small 14H clusters with diameter range of 2-5 µm were surrounded by particles or DRX grains. Compared with 14H in cast and 1p-ECAP samples, the size of these 14H cluster is much smaller, suggesting refining of 14H happens during ECAP. In our former work, we have proved that the refining process of 14H LPSO was caused by kinkings at different shear direction [33] . As dislocations are generated in kinking bands, 14H becomes cracked as long as the number of tangled dislocations reach the maximum. Moreover, seen from Figure 7d , with increased ECAP passes, although mixed areas are widely developed at intergranular regions and propagate into α-Mg region gradually, there still exist clean DRX regions where 14H and Mg 3 (Gd,Y,Zn) particles are absent. In addition, the average diameter of DRX grains was estimated to be around 1 µm, suggesting the effective refining effect of multi-pass RD-ECAP employed in this work. Figure 7c . Apart from the refined Mg3(Gd,Y,Zn) particles, refined 14H phase and DRX grains are also observed. It is widely acknowledged that the hard particles could promote DRX process through a particle-stimulated nucleation (PSN) mechanism [37] . In this work, both the Mg3(Gd,Y,Zn) particles and LPSO phase are harder than α-Mg, and they could act as nuclei for DRX, especially when they are refined into particles in submicron range. Seen from Figure 8b , several DRX grains are surrounded by 14H and Mg3(Gd,Y,Zn) particles [20] . The formation of these DRX grains could be caused by the interaction between 14H and dislocations. Since the elastic modulus of LPSO phase is much larger than α-Mg matrix, the deformation of 14H and α-Mg phases during ECAP will not be coordinated, and dislocations are accumulated at 14H/α-Mg interfaces [37] . As the number of dislocations increases at the interface, the dislocations are tangled and turn into sub-boundaries, and finally, a DRX grain is generated. Moreover, Figure 8c shows a DRX α-Mg grain with diameter of 0.7 μm, and it is apparent that a cluster of 14H lamellas locates within this grain, and both ends of the cluster are stopped at the grain boundary. This 14H lamella might be dynamically precipitated after DRX is formed during ECAP, as the processing temperature and severe deformation could provide requirement for generation of LPSO phase [33, 35] . However, the detailed information concerning the relationship between DRX and dynamic precipitation of 14H is still unclear, and our further will focus on this issue. Figure 7c . Apart from the refined Mg 3 (Gd,Y,Zn) particles, refined 14H phase and DRX grains are also observed. It is widely acknowledged that the hard particles could promote DRX process through a particle-stimulated nucleation (PSN) mechanism [37] . In this work, both the Mg 3 (Gd,Y,Zn) particles and LPSO phase are harder than α-Mg, and they could act as nuclei for DRX, especially when they are refined into particles in submicron range. Seen from Figure 8b , several DRX grains are surrounded by 14H and Mg 3 (Gd,Y,Zn) particles [20] . The formation of these DRX grains could be caused by the interaction between 14H and dislocations. Since the elastic modulus of LPSO phase is much larger than α-Mg matrix, the deformation of 14H and α-Mg phases during ECAP will not be coordinated, and dislocations are accumulated at 14H/α-Mg interfaces [37] . As the number of dislocations increases at the interface, the dislocations are tangled and turn into sub-boundaries, and finally, a DRX grain is generated. Moreover, Figure 8c shows a DRX α-Mg grain with diameter of 0.7 µm, and it is apparent that a cluster of 14H lamellas locates within this grain, and both ends of the cluster are stopped at the grain boundary. This 14H lamella might be dynamically precipitated after DRX is formed during ECAP, as the processing temperature and severe deformation could provide requirement for generation of LPSO phase [33, 35] . However, the detailed information concerning the relationship between DRX and dynamic precipitation of 14H is still unclear, and our further will focus on this issue. Furthermore, shown in Figure 8d , a kind of plate-shape precipitation is precipitated in 16p-ECAP alloy. The lengths of these precipitates are in the range of 100-200 nm, and their thickness is several nanometers. Further investigation suggests they are precipitates on (0001) basal planes of α-Mg. These precipitates are identified as γ′ phases, which were reported in Mg-Gd-Zn alloys when these alloys are subjected to aging at 200 °C [38, 39] . The precipitation sequence for Mg-RE (Gd or Y) alloys are usually recognized as SSSS (super-saturated solid solution) → β″ (hcp, D019) → β′ (cbco) → β1 (fcc) → β (fcc) [16, 17] . However, for Mg-Gd-Zn systems, recent studies indicate an additional precipitation sequence formed on basal plane of α-Mg as SSSS→γ″ (ordered hcp) → γ′ (hcp) [40] . For the ECAP alloys in this work, γ′ precipitates were only found in 16p-ECAP alloy, but were not observed in other ECAP alloys with lower passes. This is because the precipitation of γ′ phase needs thermal activation energy to nucleate and grow. Although the temperature of ECAP is much higher than usual aging temperature, the processing time employed here is short, which could not provide sufficient energy for the generation of γ′ phase when ECAP pass is low.
Mechanical Properties of Cast and ECAP Alloys
The compression engineering stress-strain curves of cast and ECAP alloys are presented in Figure 9a . Moreover, the variations of compression yield strength, compression strength, and fraction strain with ECAP passes are also summarized in Figure 9b . The yield strength and compression strength for the alloy after one pass of ECAP increased to 234.8 MPa and 442.6 MPa when compared with 182.6 MPa and 363.4 MPa for cast alloy. Afterward, the compression strength of the alloy increases steadily with ECAP passes, and the alloy with 16p-ECAP exhibits the highest strength of Furthermore, shown in Figure 8d , a kind of plate-shape precipitation is precipitated in 16p-ECAP alloy. The lengths of these precipitates are in the range of 100-200 nm, and their thickness is several nanometers. Further investigation suggests they are precipitates on (0001) basal planes of α-Mg. These precipitates are identified as γ phases, which were reported in Mg-Gd-Zn alloys when these alloys are subjected to aging at 200 • C [38, 39] . The precipitation sequence for Mg-RE (Gd or Y) alloys are usually recognized as SSSS (super-saturated solid solution) → β" (hcp, D019) → β (cbco) → β1 (fcc) → β (fcc) [16, 17] . However, for Mg-Gd-Zn systems, recent studies indicate an additional precipitation sequence formed on basal plane of α-Mg as SSSS→γ" (ordered hcp) → γ (hcp) [40] . For the ECAP alloys in this work, γ precipitates were only found in 16p-ECAP alloy, but were not observed in other ECAP alloys with lower passes. This is because the precipitation of γ phase needs thermal activation energy to nucleate and grow. Although the temperature of ECAP is much higher than usual aging temperature, the processing time employed here is short, which could not provide sufficient energy for the generation of γ phase when ECAP pass is low.
The compression engineering stress-strain curves of cast and ECAP alloys are presented in Figure 9a . Moreover, the variations of compression yield strength, compression strength, and fraction strain with ECAP passes are also summarized in Figure 9b . The yield strength and compression strength for the alloy after one pass of ECAP increased to 234.8 MPa and 442.6 MPa when compared with 182.6 MPa and 363.4 MPa for cast alloy. Afterward, the compression strength of the alloy increases steadily with ECAP passes, and the alloy with 16p-ECAP exhibits the highest strength of 548.2 MPa. However, as for yield strength, it displays a fluctuant variation with number of ECAP pass. During early passes, the compression yield strength grows continuously and reaches a maximum value after eight passes ECAP. Afterward, it decreases slightly after 12 passes and then continues to increase after 16 passes. These results show that the compression yield strength might be stabilized at 300 MPa approximately with further ECAP passes, as the microstructure refining effect would reach a saturation level. In addition, although the fraction strain decreases after four passes of ECAP, it continues to go up with further increasing ECAP numbers, and the alloy with the highest ECAP passes displays a fraction strain of 19.1%. Based on above considerations, it can be concluded that 16p-ECAP alloy exhibits the best comprehensive mechanical properties with both highest strength and ductility. In addition, it is reasonable to believe that with further increase of ECAP passes, the mechanical properties could be improved further, and finally a steady strength value should be reached. 548.2 MPa. However, as for yield strength, it displays a fluctuant variation with number of ECAP pass. During early passes, the compression yield strength grows continuously and reaches a maximum value after eight passes ECAP. Afterward, it decreases slightly after 12 passes and then continues to increase after 16 passes. These results show that the compression yield strength might be stabilized at 300 MPa approximately with further ECAP passes, as the microstructure refining effect would reach a saturation level. In addition, although the fraction strain decreases after four passes of ECAP, it continues to go up with further increasing ECAP numbers, and the alloy with the highest ECAP passes displays a fraction strain of 19.1%. Based on above considerations, it can be concluded that 16p-ECAP alloy exhibits the best comprehensive mechanical properties with both highest strength and ductility. In addition, it is reasonable to believe that with further increase of ECAP passes, the mechanical properties could be improved further, and finally a steady strength value should be reached. Strengthening of the ECAP alloy in this work is mainly ascribed to refinement of the microstructures. During the former passes of ECAP, Mg3(Gd,Y,Zn) phase was refined into small particles, but DRX was not activated yet, and the 14H lamellas were bent and kinked. In this early ECAP stage, the strengthening effect originates from refined Mg3(Gd,Y,Zn) particles and kinkings of 14H LPSO phase [34] . With further increase of ECAP pass, on the one hand, as the kinking degree was accelerated, bent 14H lamellas broke during kinking bands and transform into fine particles in submicron range. On the other hand, DRX is activated through a PSN mechanism owing to the hard second phase particles [37] , and the newly formed DRX grains exhibit an average grain size near 1 μm. Therefore, in the medium-term ECAP stage, refined microstructures of Mg3(Gd,Y,Zn) particles, 14H microcells and DRX grains contribute to strengthening of the UFG alloy together. When the ECAP pass increases to 16, the uniformity of the refined microstructures was improved. In addition, a kind of coherent nano-scale γ′ phases were precipitated within α-Mg grains. It has been reported that the γ′ precipitates are more beneficial for the strength improvement than LPSO phase [38] . Therefore, combined with refined microstructures and dynamically precipitated γ′ nanoparticles, the 16p-ECAP alloy exhibit the highest strength.
Moreover, it can be seen from the engineering stress-strain curves that the ECAP alloy in this work display strong work hardening effect, which suggests that the interaction between dislocations and microstructures (refined second phases, grain boundaries, and nano-precipitates) plays an important role in strengthening of the alloys [41] . The refined microstructures and increased phase boundaries or grain boundaries are effective to hinder the propagation of micro cracks, which obviously improves the toughness of the ECAP alloys. Strengthening of the ECAP alloy in this work is mainly ascribed to refinement of the microstructures. During the former passes of ECAP, Mg 3 (Gd,Y,Zn) phase was refined into small particles, but DRX was not activated yet, and the 14H lamellas were bent and kinked. In this early ECAP stage, the strengthening effect originates from refined Mg 3 (Gd,Y,Zn) particles and kinkings of 14H LPSO phase [34] . With further increase of ECAP pass, on the one hand, as the kinking degree was accelerated, bent 14H lamellas broke during kinking bands and transform into fine particles in submicron range. On the other hand, DRX is activated through a PSN mechanism owing to the hard second phase particles [37] , and the newly formed DRX grains exhibit an average grain size near 1 µm. Therefore, in the medium-term ECAP stage, refined microstructures of Mg 3 (Gd,Y,Zn) particles, 14H microcells and DRX grains contribute to strengthening of the UFG alloy together. When the ECAP pass increases to 16, the uniformity of the refined microstructures was improved. In addition, a kind of coherent nano-scale γ phases were precipitated within α-Mg grains. It has been reported that the γ precipitates are more beneficial for the strength improvement than LPSO phase [38] . Therefore, combined with refined microstructures and dynamically precipitated γ nanoparticles, the 16p-ECAP alloy exhibit the highest strength.
Moreover, it can be seen from the engineering stress-strain curves that the ECAP alloy in this work display strong work hardening effect, which suggests that the interaction between dislocations and microstructures (refined second phases, grain boundaries, and nano-precipitates) plays an important role in strengthening of the alloys [41] . The refined microstructures and increased phase boundaries or grain boundaries are effective to hinder the propagation of micro cracks, which obviously improves the toughness of the ECAP alloys.
Conclusions
The microstructure evolutions and mechanical properties of Mg-10Gd-4Y-1.5Zn-0.5Zr (wt %) alloy during multi-pass RD-ECAP were systematically investigated, and a high strength and toughness UFG magnesium alloy was fabricated in this work. The main conclusions could be summarized as follows:
(1) The microstructure of as-cast Mg-10Gd-4Y-1.5Zn-0.5Zr alloy consists of α-Mg grains, island-like Mg 3 (Gd,Y,Zn) phases and 14H LPSO lamellas. The 14H lamellas are usually located within α-Mg near the boundaries of Mg 3 (Gd,Y,Zn) phase. (2) The Mg 3 (Gd,Y,Zn) blocks were broken into fine particles (0.5 µm) gradually during multi-pass ECAP. 14H lamellas were bent first, and then transformed into fine particles in submicron range. With ECAP pass number increasing, DRX was activated by fine particles through PSN mechanism. Moreover, nano-scale γ phases were dynamically precipitated in 16p-ECAP alloy. (3) The 16p-ECAP alloy exhibits excellent comprehensive mechanical properties with compression strength of 548.2 MPa and fracture strain of 19.1%. The significant improvement for both strength and toughness could be ascribed to strengthening of the ultra-fine grained DRX α-Mg, refined Mg 3 (Gd,Y,Zn) and 14H particles, and dynamically precipitated γ nanoparticles.
